42.07% K À1 (270.48 K), respectively. In addition, the fitting analysis of r-T curves showed that the experimental data were consistent with the theoretical calculation data. In the T < T MI (metal-insulator transition temperature) region, the electrical conduction mechanism of LCSMO:Ag x was clarified by electron-magnon, electron-electron and electron-phonon scattering. In the T > T MI region, the resistivity data were interpreted by using the adiabatic small-polaron hopping model. Furthermore, in the entire temperature range, the phenomenological equation called the percolation model was used to explain the resistivity data and the phase-separation mechanism of ferromagnetic metallic (FM) and paramagnetic insulating (PI) phases. All the obtained results indicated that the improvement in the electrical properties of the LCSMO:Ag x samples was attributed to the doping of Ag, which changed the A-site (La, Ca and Sr ions) average ion radius, the Mn-O-Mn bond angles and the Mn-O bond distance. In addition, the grain size increased, which led to improvement in the Mn 4+ ion concentration and the GBs connectivity in the LCSMO:Ag x polycrystalline ceramics.
Introduction
respectively, have been studied extensively for understanding and applying their unique electrical and magnetic properties and the colossal magnetoresistance (CMR) effect. [1] [2] [3] [4] [5] [6] [7] In particular, the perovskite manganite has the metal-insulator transition (MI) features and magnetic phase transition from ferromagnetic metallic (FM) to paramagnetic insulating (PI) phase near the Curie temperature (T c ). It is well known that this phenomenon can be claried by the double-exchange (DE) mechanism, 8, 9 phase separation, 10,11 grain boundaries (GBs) effect 12, 13 and Jahn-Teller (JT) distortion. 14, 15 Hence, these mechanisms can be benecial to understand the magnetic and electrical properties of the perovskite manganese oxides. Several studies have found that modulated amounts of Ag doping can increase the magnetoresistance (MR) and temperature coefficient of resistivity (TCR) of the perovskite manganese oxides, which can be used for infrared radiation and magnetic devices (uncooled magnetic sensors). [16] [17] [18] It is known that the CMR effect of manganite under strong magnetic elds undoubtedly limits its practical applications in the elds of electrical and magnetic materials and devices. [19] [20] [21] [22] Therefore, the recent studies have focused on the ways to obtain large MR and TCR values at low-intensity magnetic elds to fulll practical and technical applications. Efforts have been made to induce MR enhancements by various Ag doping under an applied magnetic eld of 1 T or less. 23, 24 However, the La 1Àx (-CaSr) x MnO 3 materials with x ¼ 0.2 have been rarely investigated in spite of their interesting physical properties under low magnetic elds.
In addition, surface morphology, particle sizes, chemical homogeneity and microstructure are affected by the preparation methods, 5, 25, 26 which play an important role in the performance of the manganite materials and devices (the T c , T MI and CMR values). Hence, in this study, La 0.8 (Ca 0.12 Sr 0.08 )MnO 3 :-mol%Ag x (LCSMO:Ag x , x ¼ 0, 0.1, 0.2, 0.3 and 0.4) ceramics were fabricated by the sol-gel technique. This method was a quick and easy approach to achieve uniform composition, and the sample also had high purity and homogeneity. The results showed that Ag doping in low-intensity magnetic elds can effectively improve the electrical and magnetic properties of LCSMO:Ag x ceramics, resulting in greater TCR and MR values.
Materials and methods
LCSMO:Ag x ceramics were prepared by using the two-step approach. In the rst step, the powder samples were prepared by the sol-gel technique. The solution composed of La(NO 3 ) 3 $nH 2 O, Mn(NO 3 ) 2 aqueous solution (50% by mass), Sr(NO 3 ) 2 and Ca(NO 3 ) 2 $4H 2 O was mixed in deionized water by continuous stirring. The ratio of La, Ca, Sr and Mn cations was 0.8 : 0.12 : 0.08 : 1. Citric acid was used as the complexing agent and ethylene glycol was used as the polymerization agent in the mixed solution. Under magnetic stirring, the mixture was continuously heated until a brown gel was formed. Then, the gel was thoroughly dehydrated in an oven at 120 C for 24 h. In an agate mortar, the achieved powder precursor was ground and then pre-burned in a calciner at 500 C for 10 h. In the second step, Ag 2 O was added to the pre-calcined powder for mixing in molar ratio (mol%, 0-0.4). The mixed powder was completely ground into a ne powder. 17 Then, the powder was pressed into a disk by a tablet machine by applying 16 MPa pressure. The pellets were sintered at 1450 C under owing oxygen for 12 h in high-purity Al 2 O 3 crucibles.
27,28
The crystal structure of LCSMO:Ag x ceramics were characterized by X-ray powder diffraction (XRD, Ultima IV). A scanning electron microscope (SEM, SU8010) was used for analyzing the surface morphology and microstructures of the samples. The resistance-temperature and magnetization-temperature prole of the samples were measured by using the standard four-probe method in the temperature range from 100 K to 330 K and under an applied external magnetic eld of 1 T with Keithley instruments. Clearly, it can be seen that LCSMO:Ag x ceramics show one single phase without any impurity peaks. The samples revealed a typical perovskite orthorhombic structure with space group of Pnma. In addition, no diffraction peaks of Ag were detected in all the samples. Since the process sintering temperature (1450 C) was much higher than the melting point of Ag (962 C), the content of Ag reduced to a certain extent beyond the detection range of the XRD instrument. or Sr 2+ ). 29 Therefore, the actual amount of silver in the sample was much lower than that used in Ag doping (x), and the silver diffraction peak was extremely difficult to detect. With the increase in Ag addition, the (200) and (121) peaks of LCSMO:Ag x samples deviated, which explains that the Ag- doping leads to changes in lattice, as displayed in the inset of Fig. 1(a) . Table 1 . Clearly, the Rietveld spectrum diffraction peak parameters (R e , R p , R b , and c) further certify the singlephase (Pnma space group) for LCSMO:Ag x ceramics, as shown in Table 1 and Fig. 1(d) . With the increase in the Ag content (x # 0.2) in the parent compound LCSMO, the lattice constants (a, b, c, and V) and the A-site cationic radius (hr A i) increased. Clearly, the doped Ag ions entered into the LCSMO matrix and partially replaced the A sites because the radius of Ag + (1.28Å) is similar to that of La 3+ (1.16Å), Ca 2+ (1.12Å) and Sr 2+ (1.26Å). However, this substitution was limited, resulting in a constant crystal structure of the sample. As the amount of Ag doping further increased, the lattice constant decreased at x ¼ 0.3. The possible reason is the precipitation of metallic silver on the surface of the samples. Furthermore, a reduction in Mn 3+ (0.65Å) ion content and an increase in the content of Mn 4+ (0.53Å) with a smaller radius was observed. 30 The introduction of Ag in the A sites imply a partial conversion of Mn 3+ to Mn 4+ ions, as shown in Fig. 1(f) . The increase in tetravalent Mn content led to a decrease in the average size of the A-site cationic radius, and in turn, resulted in the reduction in the lattice constant. The change in cell volume is shown in Table 1 . The increase in hr A i changed the tolerance factor (s), which is dened by s ¼ (r A + r O )/(r Mn + r O ). Fig. 1(e) Fig. 2(a-d) shows the SEM images of the LCSMO:Ag x ceramics. The grain sizes increased rst and then decreased as the amount of added Ag increased; the grain sizes of all the samples are clearly displayed in the gure. The change in grain sizes of the samples can be benecial to increase the ceramic density and enhance the connectivity of GBs and the electrical properties of the doped system. 31 The surface morphology of the x ¼ 0.3 sample was more homogeneous than that of the other samples.
Results and discussion
The grain sizes of LCSMO:Ag x ceramics were analyzed with Nona Measurer 1.2 soware to better understand the morphology of the sample. Fig. 3(a-d) exhibits the statistic results of the grain sizes. With the increase in Ag doping amount, the grain sizes changed from 11.1 mm to 20.0 mm. It is reported in the literature that the grain sizes are affected by various factors such as doping conditions, sintering temperature and preparation methods. 25 Thus, in order to increase the grain sizes of the LCSMO:Ag x samples, it was very crucial to control the doping addition and the technological parameters for preparation. As the grain sizes increased, the GBs of the samples decreased, reducing the resistivity of the samples. 4 clearly presents the temperature dependence of resistivity (r) of LCSMO:Ag x polycrystalline ceramics in the temperature range from 100 K to 330 K. With the increase in Ag addition, the resistivity of all the samples showed similar trends and the conductivity increased signicantly. As the temperature increases, it can be seen that all samples display transition from FM to PI at T MI . The aggregation of metallic Ag in GBs improved the microstructure of the grain surface, thus enhancing the connectivity of GBs and improving the conductivity of LCSMO:Ag x ceramics. Therefore, the resistivity of the samples decreased with Ag addition. In addition, the substitution of silver ions in place of A-site ions changed the Mn-O bond distance and Mn-O-Mn bond angles. These changes enhanced the DE interaction and JT effect. As the content of Ag doping further increased, the value of TCR decreased. The possible reason for this is that the resistivity hardly changes. The substitution of silver was limited, and the tolerance factor did not change, resulting in the enhancement of the Mn-O double exchange effect as the Mn 4+ ion content increased. At this point, the inuence of DE enhancement on TCR dominated, and resistivity slightly affected TCR. These materials have different conduction mechanisms for resistivity in different temperature ranges. [32] [33] [34] Therefore, in order to better understand the conductive behavior of LCSMO:Ag x ceramics, in this study, we analyzed the three temperature ranges and the r-T data were tted, including the metallic regime (T < T MI ), insulating regime (T > T MI ), and all temperature zones (100 # T # 330 K). The following sections discuss these three temperature conditions in detail. Fig. 6(a) represents that at T < T MI range, all samples exhibited a metallic behavior. In order to study the relative intensities of the dissimilar scattering mechanisms produced in the metallic region, the r-T data were tted using the following empirical equation:
( 1) where r 0 is the residual resistivity caused by GB scattering and other temperature-independent mechanisms. r 2 T 2 arises from the electron-electron scattering process. The r 4.5 T 4.5 is obtained from the electron-electron, electron-magnon and electronphonon scattering processes, which can be used to square the linear correlation coefficient R 2 to evaluate the t. Fig. 6 (a) and Table 2 show the tted gures and related data, respectively. It can be seen that r 0 decreases as the Ag content increases, as presented in Table 2 . The possible reason is that Ag doping increases the grain size and reduces the GB scattering, which causes the decrease in the resistivity. In addition, r 0 and r 2 T 2 in eqn (1) were much larger than r 4.5 T 4.5 for all samples. In the metallic region, GB and electron-electron scattering would play a main role in the sample. At high temperatures (T > T MI ), the temperature-dependent electrical resistivity can be analyzed by means of the wellknown adiabatic small-polaron hopping model, 36 which was tted using eqn (2) .
where r a , E a and K B are respectively the resistivity coefficient, the polaron hopping conduction activation energy and the Boltzmann constant. The tted gures are given in Fig. 6(b) and the related data thus obtained are tabulated in Table 2 . It can be seen clearly that E a gradually decreased with the increase in the amount of Ag doping. This may be due to the increase in grain size, which led to an increase in the interconnectivity between the grains, thus enhancing the possibility of conducting electrons. However, the increase in Ag doping also enhanced the possibility of conducting electronic transitions to the adjacent sites, so the conduction bandwidth increased and E a decreased. Due to this effect, the reduction of E a could be the important reason for the decrease in the resistivity of the sample.
To study the electrical transport properties over all the temperature zones, particularly T z T MI , we analyzed the resistivity data in the competition mechanism by the phenomenological percolation model. 37 In the T z T MI zone, FM and PI coexist and compete with each other. The model takes into account the fact that the FM and PI regions are electrically coupled in series, 34, 38 and also accounts for the contributions caused by the terms r FM (T) and r PM (T). Therefore, the combined equation 36 is given by eqn (3).
where f ¼ 1 1 þ e DU=KB and 1 À f are the volume concentration of FM region and PI region, respectively. In this equation, r FM (T) and r PI (T) come from eqn (1) and (2), respectively.
Þ is the energy difference between FM and PI phases. T mod c denotes the temperature was used in the model near to T MI where resistivity has a maximum value. For all the presently studied samples, the resistivity data were tted over all the temperature zones by using eqn (3) , and the tting parameters are given in Table 2 . The tting graphs are shown in Fig. 6(c) , and it is clearly seen that the experimental data were in excellent agreement with the theoretical model and the R 2 mean was close to 1 for all samples. It can be seen from the table results that U 0 increased with the increase in Ag doping amount. This indicated that all the samples became more conductive, which was in consistent with the resistivity measurements.
The inuence of magnetic eld and CMR on the magnetic transport properties of the samples was studied. Fig. 7(a-e) presents the variation in r-T and tted curves from 100 K to 330 K of LCSMO:Ag x ceramics measured under 0 T and 1 T magnetic eld. Here, MR was dened as MR (%) ¼ [r (0,T) À r (H,T) ]/r (0,T) Â 100%, where r (0,T) and r (H,T) are the resistivity at 0 T and 1 T magnetic eld, respectively. As the amount x increased, the MR increased rst and then decreased. When the Ag doping was x ¼ the FM phase changed in volume fraction. It was easier for a portion of the PI phase to transition to the FM phase, which could cause an increase in resistivity, thus enhancing the effect of the CMR. 28 This behavior was observed in other literature reports and was consistent with the magnetic transitions that were common in magnetization measurements, thus suggesting that the f involved here had a similar physical signicance as magnetization decreased.
Conclusions
La 0.8 (Ca 0.12 Sr 0.08 )MnO 3 :mol%Ag x polycrystalline ceramics were synthesized by using the conventional sol-gel reaction technique. The structure, surface morphologies, and electrical and magnetic transport performance for all samples were systematically studied in the present study. XRD analysis showed that all the samples had a single phase with orthorhombic structure. As x increased, the resistivity of the samples decreased sharply, and T MI and conductive properties increased signicantly. Simultaneously, with the increase in amount of x doping, the TCR and MR increased rst and then decreased. For the LCSMO:Ag x sample with x ¼ 0.3, the optimal values of TCR and MR reached 16.22% K À1 and 42.07% K À1 , respectively. The main diffraction peak (121) shied to a low angle, indicating the replacement of A sites by Ag. In T MI , analyses of the FM region, T < T MI displays that the electrical transport was mainly controlled by the electron-electron, electron-phonon, and electron-magnon scattering processes. In addition, analyses of the PI region indicated that the adiabatic small-polaron hopping model was suitable for use in T > T MI . Finally, the entire temperature region data were tted and analyzed by using the phenomenological equation called the percolation model, which explained the FM and PI phase separation mechanism.
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